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Cyclic lateral-loading centrifuge tests were conducted on a new pile located at the center of 2 2 existing piles, to evaluate the effects
of the existing piles on the new pile’s lateral resistance when the piles of an old building are left derelict. Furthermore, two-dimensional
FEM analyses of the horizontal cross sections of the pile–soil systems were carried out. The centrifuge test results show that the lateral
resistance of a new pile, located among existing piles, shows slight increases. The existing piles increase the horizontal subgrade reaction
of the upper part of the new pile, but slightly decrease that of the lower part of the new pile. Numerical analyses reveal that the key to
whether an existing pile increases the horizontal subgrade reaction of a new pile or not, is the soil displacement at the location of the
existing pile. An existing pile increases the horizontal subgrade reaction of a new pile when the existing pile displacement is less than the
soil displacement caused by the new pile. Conversely, an existing pile decreases the horizontal subgrade reaction of a new pile when the
existing pile displacement is greater than the soil displacement caused by the new pile.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Many urban areas of Japan are located on soft ground,
such as reclaimed land. Recently, as urban renewal has
progressed, the number of cases of the replacement of old
buildings supported by pile foundations, has increased.
The piles are extracted or reused as piles for new buildings
or they are often left derelict when the buildings are
rebuilt. The extraction of these piles generates industrial12 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.waste, and it creates problems by affecting the release of
conﬁning pressure on the new piles and by increasing
construction costs (Building Contractors Society, 2003).
The reuse of piles from old buildings decreases costs
and shortens construction periods; however, the sound-
ness, the poor seismic capacity of old piles, and the
limitations of the structural plans of new buildings have
become problems. To investigate the soundness of old
piles, an inspection of the carbonation of cast-in-place
concrete piles was conducted, demonstrating that the
carbonation thickness of the piles is apparently less than
that of concrete superstructures (Tsubakihara et al., 2003).
Case histories of dynamic vertical load tests, for the
bearing capacity of old RC piles, have also been reported
(Tsuchiya et al., 2004). Several studies have been made on
the lateral resistance of old piles, considering the
poor seismic capacity of old piles. Reportedly, a ﬂexibleg by Elsevier B.V. All rights reserved.
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numerical analyses show that old piles are suitable for
reuse (e.g., Sei et al. (2001), Horii et al. (2007)). The
bending moments of new piles can be decreased by about
20% by connecting old piles to a footing during soil
liquefaction, where the old piles do not contribute to the
bearing capacity in structural planning, based on a study
using a 3D effective stress analysis (Fujikawa and
Fukutake, 1996). Additionally, guidelines for pile reuse,
with the inclusion of structural plans for new buildings,
have been proposed (Building Contractors Society, 2003).
In cases where the piles of old buildings are left derelict,
they are suspect; the existing piles can affect the bearing
capacity and the lateral response of the new piles of
buildings. Miyata and Suzuki (2004) reported, based on
a study using the 3D ﬁnite difference method, that the
effects of existing piles on the bearing capacity and the
lateral resistance of new piles are slight. Vertical loading
centrifuge tests show that the effects of existing piles
depend on the pile surface roughness; existing piles
increase the bearing capacity of new piles with a rough
surface, but do not affect that of new piles with a smooth
surface (Tamura et al. 2009a). However, experimental
studies on the effects of existing piles on the lateral
resistance of new piles have not been reported. Therefore,
the mechanism of the new pile–existing pile interaction
remains ambiguous, and knowledge of the effects of these
existing piles on the lateral resistance of the new piles
remains limited.
The objectives of this study are: (1) to evaluate the effects
of existing piles on the lateral resistance of a new pile when
the piles of an old building are left derelict; (2) to examine
the mechanism of the effects of existing piles on the lateral
resistance of a new pile; and (3) to investigate the conditions
under which existing piles increase or decrease the lateral
resistance of a new pile. For this purpose, cyclic lateral-
loading centrifuge tests were performed on a new pile
located at the center of 2 2 existing piles. In addition,Rotation con
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Fig. 1. Tesa two-dimensional FEM analysis of the horizontal cross
sections of a pile–soil system was performed.
2. Centrifuge tests
2.1. Test cases
Centrifuge tests were performed at a 40 g centrifugal
acceleration using a geotechnical centrifuge at the Disaster
Prevention Research Institute, Kyoto University. The out-
line of the centrifuge test was presented in a preliminary
report (Tamura et al., 2009b). Fig. 1 portrays the two
centrifuge test cases. In Case 1, a single pile, representing a
pile of a new building, was embedded in dry sand. In Case 2,
in addition to a single pile, a 2 2 pile group, representing
the piles of an old building, was embedded in dry sand. The
single pile and the 2 2 pile group are designated as new pile
and existing pile, respectively. The pile models were prepared
in a rigid aluminum alloy box that was 450 mm long,
150 mm wide, and 300 mm high. The thickness of the soil
model was 275 mm. The soil model used for the dry sand
deposit was Toyoura sand (D50¼0.21 mm) with Dr¼90%.
The sand layer was prepared by pluviating dry sand.
2.2. Test models
Details of the test model in Case 2 are shown in Fig. 2.
The existing piles were modeled with round brass pipes,
12 mm in diameter, 268 mm in length, and 0.7 mm in
thickness. The bending stiffness EI of the existing piles was
0.322 101 kN m2, which corresponds to that of a steel
pile, 500 mm in diameter and 9 mm in thickness, in
prototype. The pile heads were free considering that the
piles of old buildings are left derelict. Their tips were linked
tightly to the rigid box. The new pile was modeled with a
round stainless steel pipe, 12 mm in diameter, 296 mm
in length, and 2.0 mm in thickness. The bending stiffness
of the new pile was 1.64 101 kN m2, which correspondsstrained
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Fig. 2. Sensors around existing and new piles.
Table 1
Conditions of new and existing piles in prototype and model scales.
Unit Prototype Model
Existing piles (2 2) Diameter m 0.48 0.012
EI kN m2 0.824 105 0.322 101
New pile (single) Diameter m 0.48 0.012
EI kN m2 4.198 105 1.640 101
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thickness, in prototype. The bending stiffness of the new
pile is larger than that of the existing piles in spite of
having the same diameter, to perform the load tests in the
elastic region. The pile head was linked tightly to the
footing. The footing was ﬁxed rigidly with the load frame
moving horizontally using guide rails; and thus, the
rotation of the pile head was restrained. The pile tip wasfree, so that the pile head moved horizontally at a constant
height. If the pile tip was ﬁxed to the box base, the new pile
moved horizontally with settlement. Generally, horizontal
load tests are performed to evaluate the horizontal
subgrade reaction under conditions where the pile head is
free. On the other hand, the load tests in this study have
been performed to evaluate the new pile–soil–existing pile
interaction under conditions where the rotation of the new
pile head is restrained.
The center-to-center distance of the existing piles was
60 mm (5D), in which D is the pile diameter. The new pile
was located centrally, equidistant from each of the 2 2
existing piles. Piles B and D were located in the loading
direction of the new pile. The center-to-center distance of
the existing and the new piles was 42 mm (3.5D). Toyoura
sand was pasted on the surfaces of all the piles to increase
the friction between the soil and the piles. The conditions
of the piles in the prototype and the model scale are
presented in Table 1. The existing piles were set on the box
base; the new pile was suspended from the bar across the
upper surface of the box, and then the sand layer was
prepared by pluviating dry sand.
Pairs of strain gauges were attached to the exterior faces
of the new pile and Pile D of the existing piles. The pairs of
gauges were placed at 28-mm intervals. Earth pressure
transducers were also attached to the new pile and Pile D
at depths of 60 mm and 120 mm on the left and right sides
of the piles. The baseline of the earth pressure amplitude
was set to zero immediately before the loading tests. Thus,
the earth pressure, the amplitude of which is zero,
corresponds to the earth pressure at rest. The locations
of the sensors for the new pile in Case 1 were the same as
those in Case 2.
Lateral displacement cycles were applied to the footing
of the new pile, with an aboveground height of 56 mm,
through an electric actuator. The lateral load was trans-
mitted from the loading frame to the pile along a
horizontal guide frame with a swaying motion. The
displacements were monitored using a displacement trans-
ducer at an aboveground height of 56 mm. The corre-
sponding load was calculated with the differentiation in the
strains at the pile head, at aboveground heights of 33 mm
and 5 mm. The loading tests were performed without
exceeding the elastic limit of the new pile.
The load tests were performed using a controlled-
displacement approach with amplitudes ranging from
0.12 mm in the ﬁrst cycle to 3.6 mm in the last cycle. Fig. 3
presents a time history of the displacement of the pile head in
S. Tamura et al. / Soils and Foundations 52 (2012) 381–392384Case 1 with an aboveground height of 56 mm. The velocity
of the lateral loading was changed with the pile head
displacement as 1 mm/min (y/D¼0.01–0.05), 2 mm/min
(y/D¼0.07–0.1), and 4 mm/min (y/D¼0.2–0.3), in which y
is the amplitude of the pile head displacement peaks. The
loading velocity is low. Therefore, the ‘‘dynamic effects’’ are
negligible. All data presented in the following sections are of
prototype scale.3. Test results
3.1. Lateral displacement and lateral load
Fig. 4 portrays the relation between the lateral displace-
ment and the lateral load of the new pile head in Cases 1
and 2 to elucidate the effects of the existing piles on the
lateral load. The hysteretic responses in Cases 1 and 2 are
almost identical. Fig. 5 presents a comparison of the lateral
displacement and the peak value of the lateral load.
The lateral load tends to increase linearly with the
relative displacement in both cases. The lateral load peaks
in Cases 1 and 2 are almost identical for lateral displace-
ments of less than 2 cm. The lateral load in Case 2 is1500
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Fig. 3. Lateral displacement of new pile’s footing in model scale (Case 1).slightly larger than that in Case 1 for larger lateral
displacements, which indicates that the lateral resistance
of a new pile located in a place surrounded by existing piles
shows a tendency for a slight increase.
3.2. Bending moments of new and existing piles
The vertical distributions of the bending moments of the
new pile in Cases 1 and 2 are portrayed in Fig. 6. The
existing piles in Case 2 are at y¼14.4 cm (y/D¼0.3). The
vertical distributions of the bending moments of the new
pile in Cases 1 and 2 are similar, except that the maximum
bending moment in Case 2 is slightly larger than that in
Case 1. The bending moment occurred in the middle of the
existing pile, indicating that the respective bending
moments of existing piles are affected by the new pile’s
lateral loading. The bending moment at the existing pile tip
is extremely small, indicating that the shear force at the
pile tip is also small, because the existing pile tips were
linked rigidly to the box base. It also seems that the effects
of the ﬁxed boundary conditions on the lateral response of
the existing piles are small.
3.3. Horizontal subgrade reaction of new and existing piles
The horizontal subgrade reactions of the new and the
existing piles were calculated by double-differentiating the
moment–depth curves. To mitigate the effects of experi-
mental errors, a polynomial of the 5-th order was ﬁt to the
moment–depth curve based on the least-squares method.
The estimated curves of the new and the existing piles are
identical to those of the experimental data, as depicted in
Fig. 6. The vertical distributions of the horizontal subgrade
reactions of the new pile in Cases 1 and 2 are portrayed in1500
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the left side to the right side for both cases. The horizontal
subgrade reaction of the upper part of the new pile in Case
2 is greater than that in Case 1. Conversely, the horizontal
subgrade reaction of the lower part of the new pile in Case
2 is smaller than that in Case 1.
The vertical distribution of the horizontal subgrade
reactions of the existing piles in Case 2 is portrayed in
Fig. 7(b). The vertical distribution of the existing piles
differs from that of the new pile. The subgrade reaction
acts on the upper part of existing piles from the right side
to the left side. In contrast, the subgrade reaction acts onthe lower part of the existing piles from the left side to the
right side.3.4. Earth pressure acting on new and existing piles
Fig. 8 depicts the time histories of the lateral displace-
ment of the new pile head and the earth pressure at the left
and the right sides of the new pile at ground level
GL.2.4 m (NL1, NR1) and GL.4.8 m (NL2, NR2) in
Case 1. The amplitude of the earth pressure on the left side
(NL1, NL2) increases, but the amplitude of the earth
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when the new pile moves to the left side.
The time histories of the new pile’s lateral displacement
and of the earth pressure at the new pile and an existing
pile (Pile D) at GL.2.4 m and GL.4.8 m in Case 2 are
presented in Fig. 9. The tendency of the earth pressure
acting on the new pile is similar to that presented in Case 1.
The amplitude of the earth pressure on the left side (NL1,
NL2) increases, but the amplitude of the earth pressure on
the right side (NR1, NR2) is extremely small when the new
pile moves to the left side. In contrast, the tendency of the
earth pressure of the existing pile differs greatly from that
of the new pile. The amplitude of the earth pressure
increases not only on the left side (EL1, EL2), but also
on the right side (ER1, ER2) when the new pile moves to
the left side.3.5. Interaction between new and existing piles
To investigate the kinematic interaction between new
and existing piles, the earth pressure on the left and the
right sides of the new and the existing piles at y¼14.4 cm
(y/D¼0.3) are presented in Fig. 10. The arrowheads in the
ﬁgure show the direction of the horizontal subgrade
reaction, as estimated by the measured earth pressure.
The difference between the left-side and the right-side earth
pressure acting on the new pile at GL.2.4 m (NL1–NR1)
in Case 2 is larger than that in Case 1. In contrast, the
difference at GL.4.8 m (NL2–NR2) in Case 2 is smaller
than that in Case 1. These facts are consistent with the
vertical distribution of the horizontal subgrade reactions
evaluated by the bending moments shown in Fig. 7(a),
which reﬂect that existing piles increase the horizontal
subgrade reaction of the upper part of the new pile, but
slightly decrease that of the lower part. It is noteworthy
that the former differs greatly from the pile group effect.The amplitude of the earth pressure acting on the right
side of the existing pile (ER1) is about twice as large as
that of the earth pressure on the left side (EL1) at
GL.2.4 m. Meanwhile, the amplitude of the earth pres-
sure on the right side (ER2) is smaller than that of the left
side (EL2) at GL.4.8 m, indicating that the directions of
the horizontal subgrade reactions at GL.2.4 m and
GL.4.8 m differ. This tendency agrees with the vertical
distribution of the horizontal subgrade reactions portrayed
in Fig. 7(b).
Judging from the above observations, the new–existing
pile interaction can be estimated as shown schematically in
Fig. 11. The subgrade reaction, which can be approxi-
mated by the difference between the earth pressure acting
on the left side and the right side of a pile, acts on the new
pile as reaction forces. Probably, the subgrade reaction
depends on the existing pile displacement, because existing
piles constrain the soil between the new and the existing
piles. If the existing pile displacement is sufﬁciently small,
the subgrade reaction increases. Meanwhile, the subgrade
reaction acts on the upper part of the existing piles as
external forces. Some part of the force transmits to the
outside soil of the existing piles and the rest transmits to
the lower part of the existing piles. The lower part
of the existing piles moves to the outside and the subgrade
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NL1 NR1
673 2
88 180
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35 26
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Fig. 10. Earth pressure acting on new and existing piles at y/D¼0.3. (a) Case 1 and (b) case 2.
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Fig. 11. Schematic ﬁgure showing interaction of new and existing piles.
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quently, the sum of the reaction forces is equivalent to that
of the external forces. In the case of static loading tests, the
subgrade reactions acting on the new and the existing piles
depend on the new and the existing pile displacements.4. Numerical analysis of a pile–soil system in the horizontal
plane
4.1. Numerical conditions
To investigate the subgrade reactions acting on the new
and the existing piles, a two-dimensional analysis of
a horizontal cross section of a pile–soil system was
performed. The soil–pile interaction at different depthswas neglected in this analysis, considering that the soil–pile
interaction can be approximated by the Winkler spring
model. A total effective model was used through a
commercial computer code (CTC Corp., 2009). The ﬁnite
element mesh used for the analysis is presented in Fig. 12.
The dimensions of the ﬁnite element model are 28 m 9.2 m.
The lateral boundaries are ﬁxed in the horizontal directions
(X and Y directions). In Model A, a new pile was located in
the soil model. In Model B, a new pile and an existing pile
were located in the soil model. The only difference between
Models A and B is the presence of the existing pile. In Model
A, the existing pile section in Model B was replaced by the
soil elements. The diameter of the new and the existing piles
was 0.5 m. The center-to-center distance of the new and the
existing piles was 1.5 m (3D).
The key point of the difference between the new and
the existing piles is whether the pile heads are linked to
a footing or not. In the case of a group consisting of new
piles, the displacement of all the new piles is almost
identical, because the pile heads are linked to the footing
affected by the structure’s inertia force. In the case of a
group comprising new and existing piles, the displacement
of the new piles is expected to be larger than that of the
existing piles, because the heads of the new piles are linked
to the footing, but the heads of the existing piles are not.
The new and the existing pile displacements have effects on
the subgrade reactions acting on the piles. Consequently, a
numerical analysis was performed under conditions where
the amplitude of the new pile displacement, DNP, was ﬁxed
to 1 cm and that of the existing pile, DEP, was changed
between 0 and 1 cm. The new and the existing piles move
to the left side. The case in which DEP is 1 cm is equivalent
to having both piles be new piles. The left- and right-side
0
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Fig. 13. Soil displacement in X-direction (Model A).
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Fig. 12. Finite element mesh used for analyses (Model B).
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The case in which DEP is 0 cm corresponds to conditions
where the existing pile is rigid and its rotation motion is
restricted. The displacement in the X-direction is set at the
nodes on the new and the existing pile elements.
The soil was assumed to be linearly elastic with
no-tension characteristics (Zienkiewicz et al., 1968), in
which the minimum principal stress is controlled as
compressive for each element. The shear rigidity and the
unit weight of the soil model are assumed, respectively, as
36,000 kN/m2 and 16 kN/m3. The shear rigidity corre-
sponds to a shear wave velocity of about 150 m/s2.
Poisson’s ratio of the soil model is assumed to be 0.33.
The cylindrical pile section was idealized using linear solid
elements with large shear rigidity. The soil and the pile
elements were connected by joint elements that can
transfer compressive and shear forces, which change
linearly but cannot transfer tensile force. The analysis
was performed under conditions where the characteristics
of the joint elements were in a linear region.
4.2. Numerical results
Figs. 13 and 15 show the soil displacement and the soil
stress in the X-direction around the piles in Model A. Figs. 14
and 16 show the soil displacement and the soil stress in
Model B with DEP=0, 0.2, 0.4, 0.6, 0.8, and 1.0 cm. In the
case where DEP is less than 0.4 cm, the soil displacement
between the new and the existing piles in Model B tends to be
smaller than that in Model A, because the soil displacement
is constrained by the existing pile. Consequently, the soil
stress between the new and the existing piles in Model B
tends to be greater than that in Model A, indicating thatexisting piles increase the horizontal subgrade reaction of new
piles because of the constraint effects of the existing piles.
Meanwhile, in the case where DEP is greater than 0.6 cm, the
soil displacement between the new and the existing piles in
Model B becomes greater than that in Model A. The soil
displacement around new and existing piles tends to become
uniﬁed and the soil strain around the piles decreases. There-
fore, the soil stress between the new and the existing piles in
Model B is smaller than that in Model A, indicating that
existing piles decrease the horizontal subgrade reaction of
new piles. The soil stress on the left side of the existing pile is
greater than that of the new pile in the case of DEP=1 cm.
This tendency corresponds to the effects of the pile group, in
which the subgrade reaction on the front piles is greater than
that on the rear pile.
4.3. Earth pressure acting on new and existing piles
To investigate the effects of existing piles on the
horizontal subgrade reaction of new piles, the total stress
levels of elements N1, N2, E1, and E2 are evaluated. The
locations of the elements are presented in Fig. 17. The
stress levels of elements N1 and N2, and E1 and E2 in the
X-direction correspond to the variations in earth pressure
acting on the new and the existing piles, respectively. The
existing pile displacements are normalized by dividing
the new pile displacement. The normalized existing pile
displacement is deﬁned as
DnEP ¼DEP=DNP ð1Þ
The normalized stress of element N1 in Model A, S*N1, is
deﬁned as
SnN1 ¼ SN1B=SN1A ð2Þ
in which SN1A is the stress of element N1 in Model A and
SN1B is the stress of element N1 in Model B. Similarly, the
stress levels of elements N2, E1, and E2 in Model B are
normalized by dividing SN1A and expressing them as S
*
N2,
S*E1, and S
*
E2, respectively.
Fig. 18 presents the relation between the existing pile
displacement, D*EP, and the soil stress levels acting on the
new pile, namely, S*N1 and S
*
N2. Soil stress S
*
N1 is positive,
indicating that the soil is compressed, but S*N2 remains
constant at a value of zero. This tendency corresponds to
the centrifuge test results, with the earth pressure acting on the
Existing pile: 0 0cm New pile: 1cm Existing pile: 0 6cm New pile: 1cm. , , . , ,
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Fig. 14. Soil displacement in X-direction (Model B).
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Fig. 15. Soil stress in X-direction (Model A).
S. Tamura et al. / Soils and Foundations 52 (2012) 381–392 389new pile, as presented in Figs. 8 and 9. Soil stress S*N1 is 1.87 at
D*EP=0, indicating that the immovable existing piles increase
the lateral resistance of new piles. Soil stress S*N1 decreases
concomitantly with the increasing existing pile displacement
D*EP and is smaller than 1 when D
*
EP is larger than 0.56, which
indicates that the horizontal subgrade reaction of new piles
increases when D*EP is smaller than 0.56, but that it decreases
when D*EP is larger than 0.56. The former and the latter
tendencies exist respectively, because of the constraining effects
of existing piles and the effects of the pile group.
Fig. 19 portrays the relation between existing pile displace-
ment D*EP and the soil stress levels acting on the existing piles,S*E1 and S
*
E2, which are 0 and 1.54, respectively, when existing
pile displacement D*EP is 0. Soil stress S
*
E2 decreases con-
comitantly with an increasing D*EP and becomes 0 at
D*EP¼0.83. On the other hand, soil stress S*E1 remains 0 with
the small displacement, D*EP¼0–0.23. Subsequently, soil
stress S*E1 increases concomitantly with an increasing D
*
EP.
Soil stress S*E2 is larger than S
*
E1 and both stress levels are
positive in the range of D*EP¼0.23–0.6. This tendency
corresponds to the measured earth pressure acting on the
upper part of the existing pile, as portrayed in Fig. 9(d). On
the other hand, soil stress S*E2 is smaller than S
*
E1 and both
stress levels are positive in the range of D*EP¼0.6–0.83. This
tendency agrees with the measured earth pressure acting on
the lower part of the existing pile, as shown in Fig. 9(e).
These results indicate that the numerical analysis can explain
the properties of the measured earth pressure acting on the
new and the existing piles.4.4. Existing pile displacement and lateral resistance of new
piles
The results of the numerical analysis show that, for the
normalized existing pile displacement, 0.56 is a boundary
value, whether the existing pile increases the horizontal
Existing pile: 0.0cm,  New pile: 1cm, Existing pile: 0.6cm,  New pile: 1cm,
Existing pile: 0.2cm,  New pile: 1cm, Existing pile: 0.8cm,  New pile: 1cm, 
Existing pile: 0.4cm,  New pile: 1cm, Existing pile: 1.0cm,  New pile: 1cm, 
Fig. 16. Soil stress in X-direction (Model B).
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Fig. 17. Locations of output elements.
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Fig. 18. Displacement of existing pile and soil stress acting on new pile.
S. Tamura et al. / Soils and Foundations 52 (2012) 381–392390subgrade reaction of the new pile or not, as shown in
Fig. 18. This suggests that D*EP¼0.56 is the key to
discussing the effects of an existing pile on the horizontal
subgrade reaction of a new pile. To elucidate the boundary
value, the normalized soil displacement on Line A–A0
(Fig. 13) in Model A is presented in Fig. 20. The normal-
ized soil displacement, D*S is deﬁned as
DnS ¼DS=DNP ð3Þ
21.5
1
0.5
0
1
N
or
m
al
iz
ed
 s
oi
l s
tre
ss
 a
ct
in
g 
on
 e
xi
st
in
g 
pi
le
  
0 0.2 0.4 0.6 0.8
Normalized existing pile displacement
Fig. 19. Displacement of existing pile and soil stress acting on existing pile.
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S. Tamura et al. / Soils and Foundations 52 (2012) 381–392 391in which DS is the soil displacement in the X-direction. The
distance from the center of the new pile on Line A–A0 is
divided by the new pile diameter. The soil displacement
decreases concomitantly with an increasing distance from
the new pile. The normalized soil displacement at the
location of the existing pile is 0.49–0.59, corresponding to
the boundary value D*EP¼0.56, which indicates that the
key is the soil displacement at the location corresponding
to the existing pile. The constraining effect of existing piles
is dominant when the existing pile displacement is smallerthan the soil displacement at the location corresponding to
the existing piles (D*EPo0.56). Thus, existing piles increase
the horizontal subgrade reaction of new piles. On the other
hand, the pile group effect is dominant when the existing
pile displacement is larger than the soil displacement at the
location corresponding to the existing pile (D*EP40.56).
Therefore, existing piles decrease the horizontal subgrade
reaction of new piles.
5. Discussion
5.1. Existing pile displacement estimated by measured earth
pressure
The experimental results (Fig. 10) show that the ampli-
tude of the earth pressure acting on the left side of the new
pile (NL1) in Case 1 is smaller than that (NL1) in Case 2,
suggesting that the existing pile displacement at GL.
2.4 m, normalized by dividing the new pile displacement
at the same depth, is relatively small (corresponding to
D*EPo0.56 in Fig. 18). The amplitude of the earth pressure
acting on the left side of the existing pile (EL1) is about
half that of the earth pressure on the right side (ER1). This
indicates that the normalized existing pile displacement at
GL.2.4 m is also relatively small (corresponding to
0.23oD*EPo0.6 in Fig. 19).
In the case of the lower part of the pile (GL.4.8 m),
Fig. 10 shows that the amplitude of the earth pressure
acting on the left side of the new pile (NL2) in Case 1 is
greater than that (NL2) in Case 2, indicating that the
normalized existing pile displacement at GL.4.8 m is
relatively large (corresponding to 0.56oD*EP in Fig. 18). In
addition, the amplitude of the earth pressure acting on the
left side of the existing pile (EL2) is larger than that of the
earth pressure on the right side (ER2). This indicates that
the normalized existing pile displacement at GL.4.8 m is
relatively large (corresponding to 0.6oD*EPo0.83 in
Fig. 19).
5.2. Mechanism of effects of existing piles on the new pile’s
lateral resistance
The mechanism of the effects of existing piles on the
lateral resistance of new piles can be expressed as follows,
based on centrifuge tests and a numerical analysis:(1) The upper part of an existing pile receives the force
from the loading of a new pile through the soil, but the
existing pile displacement is small in comparison to the
new pile displacement at the same depth (correspond-
ing to 0.23oD*EPo0.56 in the numerical analysis). The
horizontal subgrade reaction of the upper part of the
new pile increases because of the constraining effect of
the existing pile.(2) About half of the force from a new pile is transmitted
to the outside soil of an existing pile; the rest transmits
to the lower part of the existing pile.
S. Tamura et al. / Soils and Foundations 52 (2012) 381–392392(3) The lower part of an existing pile moves to the outside.
The existing pile displacement is large in comparison to
the new pile displacement at the same depth (corre-
sponding to 0.6oD*EPo0.83 in the numerical analy-
sis). The horizontal subgrade reaction of the lower part
of a new pile decreases slightly because of the pile
group effect comprising those of the new and the
existing piles.(4) As a consequence, the lateral resistance of a new pile,
located in a place surrounded by existing piles,
increases slightly, as portrayed in Fig. 4.The above mechanism suggests that existing piles which
are short in length, high in rigidity and embedded sufﬁ-
ciently in a stiff layer, increase the lateral resistance of new
piles, because the existing pile displacement is restricted. In
the other case, the effects of existing piles on the lateral
resistance of new piles are probably slightly similar to these
experiment results.
6. Conclusions
Cyclic lateral-loading centrifuge tests were performed on
a new pile located in the center of 2 2 existing piles to
evaluate the effects of the existing piles on the lateral
resistance of the new pile when the piles of an old building
are left derelict. Furthermore, a two-dimensional FEM
analysis of the horizontal cross section of a pile–soil system
was conducted. The following conclusions were drawn:1) The experimental results show that the lateral resistance
of a new pile, located in a place surrounded by existing
piles, increases slightly. The existing piles increase the
horizontal subgrade reaction of the upper part of the
new pile, but slightly decrease that of the lower part.2) The numerical analysis reveals that the key to whether
the existing piles increase the horizontal subgrade reac-
tion of the new pile or not, is the soil displacement at the
location corresponding to the existing pile. Existing piles
increase the horizontal subgrade reaction of a new pile
when the existing pile displacement is less than the soil
displacement caused by the new pile. Conversely, existing
piles decrease the horizontal subgrade reaction of a new
pile when the existing pile displacement is greater than
the soil displacement caused by the new pile.Acknowledgments
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